Kaposi's sarcoma-associated herpesvirus (KSHV) capsids can be produced in insect cells using recombinant baculoviruses for protein expression. All six capsid proteins are required for this process to occur and, unlike for alphaherpesviruses, the small capsid protein (SCP) ORF65 is essential for this process. This protein decorates the capsid shell by virtue of its interaction with the capsomeres. In this study, we have explored the SCP interaction with the major capsid protein (MCP) using GFP fusions. The assembly site within the nucleus of infected cells was visualized by light microscopy using fluorescence produced by the SCP-GFP polypeptide, and the relocalization of the SCP to these sites was evident only when the MCP and the scaffold protein were also present -indicative of an interaction between these proteins that ensures delivery of the SCP to assembly sites. Biochemical assays demonstrated a physical interaction between the SCP and MCP, and also between this complex and the scaffold protein. Self-assembly of capsids with the SCP-GFP polypeptide was evident. Potentially, this result can be used to engineer fluorescent KSHV particles. A similar SCP-His 6 polypeptide was used to purify capsids from infected cell lysates using immobilized affinity chromatography and to directly label this protein in capsids using chemically derivatized gold particles. Additional studies with SCP-GFP polypeptide truncation mutants identified a domain residing between aa 50 and 60 of ORF65 that was required for the relocalization of SCP-GFP to nuclear assembly sites. Substitution of residues in this region and specifically at residue 54 with a polar amino acid (lysine) disrupted or abolished this localization as well as capsid assembly, whereas substitution with non-polar residues did not affect the interaction. Thus, this study identified a small conserved hydrophobic domain that is important for the SCP-MCP interaction.
INTRODUCTION
Herpesviruses can self-assemble capsids that possess icosahedral symmetry (Wildy et al., 1960) and are composed of six proteins. The four capsid shell proteins are the major capsid protein (MCP), triplex proteins 1 and 2, and small capsid protein (SCP), whereas the scaffold protein and maturational protease occupy the internal space of the capsid (reviewed by Brown & Newcomb, 2011; Cardone et al., 2012; Homa & Brown, 1997; Rixon, 1993; Steven & Spear, 1996) . The MCP is the building block of the individual capsomeres, in both the hexameric (hexons) and pentameric (pentons) configurations. The SCP decorates the capsid shell by virtue of its location on the hexameric capsomeres (Lo et al., 2003; Trus et al., 2001; Wingfield et al., 1997; Zhou et al., 1995) . The triplex proteins form a trimer that acts to stabilize capsid shell assembly by essentially linking the capsomeres together. The two internal proteins are present only in the precursor capsid structures; the scaffold protein drives the assembly of a closed structure and the maturational protease is essential during the transformation of the scaffold-containing structure to a DNA-containing capsid (reviewed by Brown & Newcomb, 2011; Cardone et al., 2012; Homa & Brown, 1997; Rixon, 1993; Steven & Spear, 1996) . Capsid assembly for herpesviruses begins in the cytoplasm. Cellular localization studies show that MCP is transported into the nucleus by the scaffold protein and one of the triplex proteins 'carries' the other triplex protein into the nucleus (Adamson et al., 2006; Nicholson et al., 1994; Plafker & Gibson, 1998; Rixon et al., 1996) . The SCP 'piggy-backs' onto the major capsid-scaffold protein complex and becomes concentrated at the assembly site Rixon et al., 1996) . These small complexes come together (Newcomb et al., 1996; Spencer et al., 1998) in the nucleus to form a spherical closed capsid structure.
Self-assembly of herpes simplex virus type 1 (HSV-1), Kaposi's sarcoma-associated herpesvirus (KSHV) and Epstein-Barr virus (EBV) capsids using recombinant baculoviruses for protein expression has been demonstrated (Henson et al., 2009; Newcomb et al., 1999; Perkins et al., 2008; Tatman et al., 1994; Thomsen et al., 1994 ). An important difference between the assembly pathways of these human herpesviruses was uncovered during these types of analyses and led to the discovery of the requirement of the gammaherpesvirus SCP for capsid self-assembly (Henson et al., 2009; Perkins et al., 2008) . The SCP is not required for HSV-1 capsid assembly Tatman et al., 1994; Thomsen et al., 1994) nor for other alphaherpesviruses (Antinone et al., 2006; Chaudhuri et al., 2008; Krautwald et al., 2008) . Thus, the SCP specifies an essential function for assembly which was also confirmed in KSHV-infected cells (Sathish & Yuan, 2010) .
The six gene products that compose KSHV capsids are ORF25 (MCP), ORF62 (triplex 1), ORF26 (triplex 2), ORF17 (protease), ORF17.5 (scaffold) and ORF65 (SCP) (Nealon et al., 2001) . The capsid assembly domain of ORF65 resides in the N terminus (86 aa) and six residues (R14, D18, V25, R46, G66 and R70) within this domain are important for capsid assembly (Kreitler et al., 2012) . The goal of this study was to use SCP fusions to GFP to discover how the KSHV SCP interacts with the MCP, the localization of this protein to nuclear sites of assembly and the role of a hydrophobic domain in this small molecule for assembly of capsids.
RESULTS
Localization of ORF65-GFP fusion protein to nuclear assembly sites and self-assembly of capsids with SCP-GFP polypeptides Previously, we fused GFP to the N terminus of HSV-1 SCP (VP26) and observed that the fusion protein localized to nuclear puncta in infected cells and could still decorate capsids . We took a similar approach with KSHV ORF65 and, because the assembly domain resides at the N terminus (Kreitler et al., 2012) , we initially made a C-terminal in-frame fusion with the EGFP ORF. The ORF65 gene, which codes for 170 aa (18 kDa) was amplified using KSHV BAC36 DNA (Zhou et al., 2002) as template and cloned in-frame with the EGFP gene. The baculovirus expressing ORF65CGFP was used in both single and coinfections to examine fluorescence distribution in Sf21 cells (Fig. 1a) . When expressed by itself, the fluorescence observed was diffusely distributed throughout the cell with greater accumulations in the nucleus. This distribution changed significantly when both ORF25 (MCP) and ORF17.5 (scaffold protein) were present. The fluorescence accumulated in large nuclear puncta, which are potential nuclear assembly sites. There was no change in the distribution of the fluorescence in the presence of the triplex proteins. This was also evident in phase images of similar infected cells (Fig. 1b) ; the circular structures that displayed the fluorescence were internal to the nuclear membrane margins. We also examined the distribution of fluorescence that arose from the polypeptide when the GFP was fused to the N terminus of ORF65. Although the fluorescence was more or less similar in infected cells compared with ORF65CGFP, there was no change in the distribution in the presence of ORF25/17.5. In fact, the distribution was similar to the pattern observed in cells infected with a baculovirus expressing only EGFP (Fig. 1c) . We used fusions of GFP to ORF25 and ORF17.5 to determine if these proteins gave rise to a similar phenotype in co-infected cells. Fluorescence observed with ORF17.5NGFP was diffusely distributed in the nucleus whether or not ORF25 or ORF65 was present, whereas fluorescence observed with ORF25GFP relocalized to the nucleus in a diffuse pattern in the presence of both ORF65 and ORF17.5 (data not shown). These fusion proteins did not localize to discrete nuclear puncta; thus, similar to the HSV-1 SCP , the phenotype observed for the KSHV SCP is a unique property displayed by these small proteins.
In order to demonstrate the interaction between ORF65 and ORF25 (MCP) biochemically, we performed a coimmunoprecipitation assay using lysates from similar coinfected cells. Sf21 cells were co-infected with ORF65CGFP (45 kDa)-, ORF25NV5 (153.4 kDa)-and ORF17.5NV5 (31 kDa)-expressing viruses. Both the ORF25NV5 and ORF17.5NV5 (scaffold) polypeptides were functional in that they supported self-assembly of capsids. The herpesvirus scaffold proteins have been shown to be extensively modified by phosphorylation (Casaday et al., 2004) . Lysates prepared 48 h post-infection were immunoprecipitated with anti-GFP antibodies. The immunoprecipitates as well as the input lysates were immunoblotted using anti-V5 antibodies (Fig. 1d) . In the presence of antibody to ORF65CGFP, ORF25 was co-precipitated regardless of the presence of ORF17.5 (compare Fig. 1d, lanes 1 and 3) . Relatively similar levels (as judged by the signal from the same epitope) of ORF17.5 were precipitated when ORF25 was also present, but a much reduced amount of the scaffold protein was observed to co-precipitate when expressed without the MCP as judged by the signal in the immunoblot (compare Fig. 1d, lanes 1 and 2) .
Previously, we demonstrated the incorporation of HSV-1 VP26-GFP in capsids purified after sedimentation through sucrose gradients . As we could generate a particle decorated with a live fluorescent tag we also sought to determine if this could potentially be done with KSHV SCP; in this case, the protein is essential for assembly. Sf21 cells were co-infected with baculoviruses expressing all six KSHV capsid proteins and the infected cells were examined by ultrastructural methods using conventional thin-section, transmission electron microscopy (TEM) (Fig. 2a, b) . Extensive areas within the nucleus of cells infected with viruses expressing either ORF65CHA (Kreitler et al., 2012) or ORF65CGFP containing dense material were visualized ( Fig. 2a shows cells infected with ORF65CGFP-expressing virus); the same areas in each was also co-precipitated by ORF65CGFP in relatively similar amounts in lane 3, but a much lower amount of ORF17.5 was precipitated when ORF25 was not present in the cells (lane 2, top panel). Input proteins were detected using anti-V5 (aV5) and anti-GFP (aGFP) antibodies (three bottom panels). Protein standards (kDa) are indicated. IP, Immunoprecipitation; WB, Western blot.
specific infected cell were imaged at higher magnification, revealing assembled capsids (Fig. 2b) . The inset of Fig. 2(a) is a light microscopy image of different cells, which shows the intranuclear fluorescent puncta. We also purified these GFP-tagged capsids using sucrose gradient sedimentation (Fig. 2c) . Light-scattering bands indicative of assembled capsids were observed in gradients regardless of whether the ORF65 was tagged with haemagglutinin (HA) or GFP. The intensity of the bands was similar for similar numbers of infected cells, which indicated normal levels of assembly of the GFP-decorated capsids (Fig. 3 ). Capsids were harvested by side-puncture aspiration after visualizing the light-scattering band using incident light. Negative-stained capsids were prepared and the images revealed closed icosahedral capsids in both gradients (Fig. 2c) . The ORF65 proteins in the capsids purified by sucrose gradient sedimentation were detected using immunoblot methods with antibodies to ORF65 (Gao et al., 2003) (Fig. 2d ), and were also confirmed by anti-HA and anti-GFP antibodies (data not shown). These data showed the incorporation of the GFP-tagged ORF65. We also tested whether the ORF65NGFP polypeptide could support self-assembly in this system. When sucrose gradient sedimentation of infected cell lysates was performed, there was no evidence of capsid assembly (Fig. 3) .
We then examined whether the alanine substitution mutants of ORF65 in the assembly domain (Kreitler et al., 2012) affected the interaction with the MCP. As the GFP relocalization assay is a measure of this interaction we transferred the alanine-scanning mutants in ORF65 from the pFB1-ORF65CHA-DEcoRI plasmid into pFB1-ORF65CGFP. The genes encoding substitutions R14A, D18A, V25A, R46A, G66A and R70A, which produced proteins that were defective for assembly (Kreitler et al., 2012) , were moved into this transfer vector. The recombinant baculoviruses expressing these mutant proteins were then tested in co-infections with vFBD-ORF25/17.5. Under light microscopy, all of the six assembly-defective mutants displayed relocalization of GFP fluorescence to assembly sites ( Fig. 4) indicative of normal ORF25/17.5 interaction.
Use of a His 6 -affinity tag to purify capsids and image SCP decoration of capsids using gold label
The utility of the His 6 tag for protein purification is well documented. We have tagged HSV-1 VP26 in the past and have now tagged KSHV SCP with a His6 6 sequence. For ORF65, the fusion was made at the C terminus of the protein. Our aim was to use this tag to see if we could purify capsids using this approach and to use it as an imaging tool. There are some advantages of this tag over the GFP tag for both purification and imaging purposes. The expression of the His 6 -tagged ORF65 in recombinant baculovirus-infected Sf21 cells was confirmed by Western blots using anti-His 6 antibodies ( Fig. 5a , top panel) as well as in assembled capsids (Fig. 5a , bottom panel). Purification of assembled capsids was carried out first on sucrose gradient-purified capsids and subsequently on whole infected cell extracts, both total soluble lysate and lysate that had been clarified by using a 20 % sucrose cushion. For each preparation, binding with Ni-nitrilotriacetic acid (NTA) agarose beads was followed by several washes and elution with 250 mM imidazole. The starting material and the eluted proteins were examined by PAGE ( Fig. 5b ) and the eluted samples were also prepared for imaging after negative staining (Fig. 5c ). In each case, assembled capsids were eluted from the beads, indicating purification of the particles using this method. Preparations made from sucrose cushion-clarified lysates were generally purer, i.e. there were fewer co-purified proteins, but the ability to attain significant purification of capsids from the total lysate was remarkable considering the protein content in the starting lysate as judged by staining the proteins in the gel.
Capsids purified using sucrose gradients were also incubated directly with Ni-NTA-derivatized gold particles (5 nm size). These conjugated gold particles permitted direct labelling of His 6 -tagged proteins without having to go through a twostep antibody-binding reaction, and because it is a direct label there was greater accuracy in the labelling of the protein and hence its location in a three-dimensional structure. The capsids containing ORF65CHA bound to a few gold particles or none at all, whereas the capsids containing ORF65CHIS were decorated with numerous gold particles as judged by the density of gold labelling ( Fig. 5d ). These data also suggested the C terminus of ORF65 was readily accessible on the capsid surface.
A domain resides in ORF65 that is required for interaction with the MCP GFP relocalization to assembly sites in the nucleus was indicative of an interaction between the SCP and MCP. To map this interaction region we generated additional GFP fusion polypeptides of ORF65 that produced N-terminal and C-terminal truncations of the protein. Viruses expressing these polypeptides were used to infect Sf21 cells in the presence of ORF25/17.5-expressing virus and examined by confocal microscopy for localization to nuclear assembly sites (Fig. 6a) . The N-terminal half of the polypeptide (86), which encodes the assembly domain, was able to relocalize GFP to assembly sites within the nucleus; the C-terminal half (87-170) did not. This was further delineated to an Nterminal 60 aa polypeptide, although further truncation to 50 aa resulted in loss of this interaction as judged by the appearance of diffuse fluorescence. An N-terminal 55 aa polypeptide displayed nuclear puncta, but there was also an increase in cytoplasmic fluorescence, as summarized in Fig.  6 (e). All the truncation mutant viruses produced a stable polypeptide of the correct size in infected cells as judged by immunoblot examination of lysates using GFP antibodies (Fig. 6b) .
The alignment of ORF65 amino acid sequences from different gammaherpesviruses (Kreitler et al., 2012) revealed a string of conserved hydrophobic residues located in the region between aa 48 and 55. To map the MCP interaction site more precisely in the full-length polypeptide we created in-frame deletions and site-directed substitutions using QuikChange (Stratagene) mutagenesis. Two deletion mutants, D50-55 and D50-52, were made and the mutant polypeptide fused to GFP was examined in co-infected cells for assembly site localization (Fig. 6c) . The D50-52 mutant displayed the ability to do so, whereas the D50-55 mutant did not (data summarized in Fig. 6e ). We also tested whether the alanine substitution mutants of ORF65 in this region (Kreitler et al., 2012) affected the interaction with the MCP protein. The alanine-scanning mutants in each individual residue of ORF65 between aa 48-55 were moved from the pFB1-ORF65CHA-DEcoRI plasmid into the pFB1-ORF65CGFP vector. The recombinant baculoviruses expressing these mutant proteins were then tested in co-infections with vFBD-ORF25/17.5. Under light microscopy, none of the alanine substitution mutants affected the relocalization of GFP to assembly sites (data not shown).
ORF65 residue A54 is sensitive to substitution with a polar residue
As single alanine substitutions at the residues located in this sequence did not affect relocalization of the GFP fluorescence, we decided to create substitutions that would introduce polar residues in this region. Precise identification of residues or positions in the molecule sensitive to the presence of charge was achieved by lysine substitution at each amino acid that resided between positions 49 and 55. All of these changes were made in the ORF65CGFP gene so that the mutants could be tested for localization to assembly sites and in the ORF65CHA gene to examine capsid assembly. Confocal examination of infected cells showed that substitution of lysine at position A54 abolished assembly site localization (Fig. 6c) . Lysine substitutions at the other positions did not affect ORF65 localization. All the ORF65 mutant proteins expressed in infected cells were stably expressed as judged by immunoblot assays with anti-GFP antibodies (Fig. 6d) .
Biochemical assays were also used to confirm the abrogation of the SCP-MCP interaction by substitution at A54. Sf21 cells were co-infected as described above and the lysates were immunoprecipitated with anti-GFP antibody. The precipitated proteins as well as the input proteins were detected by immunoblot (Fig. 7) . ORF25 (tagged with V5) was precipitated by WT ORF65CGFP (Fig. 7, lane 1) , but the amounts of precipitated protein were much lower when the ORF65 contained the A54K substitution (Fig. 7, lane 2) or the D50-55 deletion (Fig. 7, lane 3) . The amount of ORF25 and ORF65CGFP in the lysate prior to antibody precipitation was more or less similar between the different infected cells (Fig. 7) .
We then tested all the lysine mutants for their ability to support capsid self-assembly using proteins expressed in the ORF65CHA genetic background. This analysis revealed the importance of the hydrophobicity at additional sites, positions L49 and I53; self-assembly of capsids was affected as judged by sedimentation analysis of infected cell lysates (data not shown cells were examined by conventional TEM, assembled structures were not seen in cells infected with the virus expressing ORF65CHA A54K; however, some defective assemblies were evident in cells infected with viruses expressing ORF65CHA L49K or I53K (Fig. 8a) . To further explore the effects of substitutions at position 54, changes that retained the hydrophobic nature of this site (M, V and L) were made. A proline was also introduced at this position. The ORF65CHA protein expressed by these mutants supported capsid self-assembly as judged by sucrose gradient sedimentation assays (Fig. 8b , data not shown for A54M). All mutant polypeptides were observed to accumulate in stable amounts in infected cells as judged by Western blotting (Fig. 8c) . Two bands corresponding to the ORF65 proteins were sometimes evident in the gel, which could be due to post-translational modifications such as phosphorylation.
DISCUSSION
Using mutants of ORF65 that result in polypeptide truncation, we had previously shown that the assembly domain of ORF65 resides in the N-terminal 86 resides. Within this domain, 6 aa (R14, D18, V25, R46, G66 and R70) abolish assembly when changed to alanine, as judged by sucrose gradient sedimentation of infected cell lysates, electron micrographs of fractions and radioactive quantification of the peak capsid fractions (Kreitler et al., 2012) . In this study, we have expanded on our previous findings. We have demonstrated the ability to decorate the fluorescent GFP reporter to the capsids of HSV-1 , EBV (Henson et al., 2009 ) and now KSHV. This flexibility was surprising because the fusion of a large tag to an essential protein did not disrupt its activity; HSV-1 VP26 is not required for assembly (Chen et al., 2001; . ORF65 tagged at the C terminus with an autofluorescent protein is functional in that it can be used to follow the protein's relocalization to assembly sites in the nucleus and supports self-assembly of capsids in insect cells. These data support the notion that the SCP could be used to follow both the capsid and mature virion in KSHV-infected cells, similar to what we have done with the HSV-1 SCP using a fluorescent tag that supports lytic virus replication . It is still possible that the large GFP tag may affect the ability of the protein to function in the infected cell (A. Gallo & W. Brune, personal communication), but other smaller fluorescent chemical moieties or different engineered GFP variants/insertions could be tested for functionality (Bosse et al., 2012; Nagel et al., 2012) . The insertion of the large sequence (GFP) at the N terminus of ORF65 affects the function of the SCP in self-assembly; however, as shown by Kreitler et al. (2012) , a smaller HA tag does not.
The HSV-1 SCP, by virtue of its interaction with the MCP, becomes concentrated in the nucleus Rixon et al., 1996) . This was apparent from the two cited works, the first of which demonstrated VP26 nuclear localization only occured when both VP5 and pre-VP22a were present in transfected cells, the second from our studies in which we genetically introduced the VP26-GFP marker into the virus with a null mutation in VP5. VP26GFP remained diffusely distributed in the cell in the absence of VP5. As shown here, this is also true for KSHV ORF65 and we have now biochemically demonstrated this interaction using binding assays which reveal a complex between the SCP-GFP, MCP and scaffold proteins. KSHV ORF65 has been shown to interact with ORF25, as well as the triplex proteins (Sathish & Yuan, 2010) . Our biochemical data confirm that the SCP likely binds directly to ORF25 independently of ORF17.5 and to the scaffold proteins indirectly only in the presence of the MCP. However, the relocalization of ORF65GFP to nuclear assembly sites requires both the MCP and scaffold proteins. In HSV-1 VP26-GFP-infected cells, the nuclear puncta are indicative of assembled capsids or capsid shells; in the absence of assembly the fluorescence always remained diffuse. However, in this system although the nuclear puncta are the sites of capsid assembly, their presence cannot be used as a phenotype to test for assembly because the puncta can form with only three proteins. Rather, this phenotype is a valid indicator for the interaction between the SCP and MCP. The nuclear localization signal in the scaffold protein drives the import of the MCPscaffold complex into the nucleus Plafker & Gibson, 1998) . There is a predicted monopartite nuclear localization signal in ORF17.5 between residues 90 and 99, but none in ORF25 or ORF65 (Kosugi et al., 2009) .
Using mutagenesis experiments, a region responsible for the MCP interaction spanning aa 50-60 was mapped in ORF65. A hydrophobic patch of residues resides in the MCP interaction region -an conclusion that we reach because introduction of charge at certain sites in this region disrupts the MCP interaction and capsid self-assembly.
The amino acid at position 54 of ORF65 was particularly sensitive to introduction of the polar residue. This residue could readily accommodate other hydrophobic side chains or even a proline; thus, it is not the amino acid specifically that is important, but the location of this residue, potentially in the way it makes contact with the MCP. Using protein structure software (Rost et al., 2004) , an a-helix is predicted to span from aa 38 to 65, which overlaps the region that may bind with the MCP. If these predictions correlate with the actual high-resolution structural data on ORF65 then it could indicate that one of the key functional regions of this protein is a structured domain. Based on the observation that the previously identified residues of ORF65 important for assembly (Kreitler et al., 2012) do not overlap with this region, this small protein displays a multi-faceted mechanism for functional activity -an observation noted in structure and functional analyses of the human herpesvirus SCPs (Apcarian et al., 2010; Borst et al., 2001; Chaudhuri et al., 2008; Dai et al., 2013; Desai et al., 2003; Lai & Britt, 2003; Lee et al., 2008) . Thus, the alphaherpesvirus SCPs still impart important functional information. HSV-1 VP26 is required for efficient production of infectious virus in the mouse neuron; this was also observed for the pseudorabies SCP in both cell culture and a neuronal system (Krautwald et al., 2008) . The varicella zoster virus SCP acts as a transporter of the MCP into the nucleus and thus plays an important role in initiating capsid assembly (Chaudhuri et al., 2008) . When fused with GFP, it too displays fluorescence that localizes to dense nuclear structures (Lebrun et al., 2014) . Genetic deletion/manipulation of the betaherpesvirus SCP gene results in elimination of virus production and high-resolution studies suggest it may act at a step beyond capsid assembly (Borst et al., 2001; Dai et al., 2013) .
The KSHV SCP differs from the alphaherpesvirus SCPs by potentially specifying an additional stabilizing function, similar to phage capsid decoration proteins, which acts as a 'glue' or clamp to reinforce the capsid. Two studies on lambda phage gpD and T4 phage Soc protein show that these decoration proteins stabilize the capsid shell during DNA encapsidation (lambda) or at extremes of pH/temperature (T4) (Lander et al., 2008; Qin et al., 2010) . Biophysical and structural studies reveal these proteins form trimers that 'glue' or clamp the capsid shell, specifically capsomeres, at the threefold axis of symmetry, which is considered one of the weakest points of the capsid shell (Singh et al., 2013) . Herpesviruses utilize the triplex to do this, but KSHV may also use the SCP to act as an external 'hinge' or protein crosslink to create a stable structure. The KSHV SCP must act at a stage earlier than the phage decoration proteins; because there was no evidence of capsid assemblies for the alanine substitution mutants that abolished assembly.
It appears that this small protein has a complex mechanism for localization to the nucleus (binding to the MCP) and subsequent stabilization of the capsid shell. The initial interaction with the MCP-scaffold complex is probably important for targeting this small protein to the assembly site and is mediated by a discrete hydrophobic domain. Subsequent to this, other residues that are dispersed throughout the assembly domain are important for facilitating the formation of a stable shell structure that can mature into a closed angular capsid. The gammaherpesvirus SCPs clearly specify separate functional sites for these activities. This is also what was observed with the HSV-1 SCP . Although HSV-1 VP26 is not required for capsid assembly, we used two methods to identify functional sites: (i) a similar GFP relocalization assay to nuclear assembly sites and (ii) an in vitro capsid-binding assay. In the GFP localization assay, two residues were discovered that influenced VP26-GFP localization to assembly sites, whereas in the capsidbinding assay, an expanded set of amino acids was found to be important, which included a separate C-terminal conserved domain.
Based on this and our other recent studies that show the KSHV SCP is required for assembly of the capsid shell, we conclude that the gammaherpesvirus SCP is an important mediator of stable capsid shell assembly and thus a valid antiviral target. Therefore, a potential practical outcome of this study is the identification of a new antiviral target for gammaherpesvirus lytic replication. Another potentially useful outcome of this study has been the discovery that we can fuse a large polypeptide (GFP) to ORF65, and get an assembled structure and the ability to purify the capsid from a crude lysate using immobilized metal affinity chromatography (IMAC) methods. The latter observation will be particularly useful to purify capsids and subassemblies containing ORF65 as we proceed in our investigation of ORF65 function. The former could be useful to display complex peptides or polypeptides that are potential vaccine candidates, as has been done with phage capsids (Chackerian, 2007; Li et al., 2006) . The high occupancy of ORF65 on the capsid surface and thus high density of a candidate vaccine molecule could be useful in generating immunological responses that target many viral and microbial diseases.
METHODS
Cell lines and antibodies. Spodoptera frugiperda (Sf9 and Sf21) cells were grown in Grace's insect cell medium, supplemented with 10 % FCS (Gibco-Invitrogen) and passaged as described in Okoye et al. (2006) . A rat mAb to influenza HA was purchased from Roche (clone 3F10), mouse V5 (R960) and rabbit GFP (A11122) antibodies from Invitrogen, and mouse histidine tag antibodies from Novagen (70796-3) and Invitrogen (P-21315). The Ni-NTA-derivatized gold was purchased from Nanoprobes. The mAb to ORF65 was provided generously by S. J. Gao (University of Southern California, CA, USA).
Plasmids. ORF65 was cloned previously into the baculovirus transfer vector pFastBac1 (pFB1) as a SpeI-HindIII fragment (Perkins et al., 2008) . We used the same cloning strategy to generate ORF65 genes with C-terminal fusions to the HA, V5 and GFP tags. For the HA and V5 fusions, the reverse primer specified the HindIII site and the HA/ V5 epitope nucleotide sequences (Table 1) . For the C-terminal GFP fusion, ORF65 was amplified as a SpeI-HindIII fragment without the amber stop codon and cloned into pFB1, and designated pFB1-ORF65amb 2 . The EGFP ORF was PCR-amplified from pEGFP-N2 (Clontech) as a HindIII fragment and cloned into pFB1-ORF65amb 2 in the correct orientation. The resulting plasmids were named pFB1-ORF65CHA, pFB1-ORF65CV5 and pFB1-ORF65CGFP. To clone the KSHV capsid ORFs into the baculovirus transfer vector pFastBac Dual (pFBDual; Invitrogen), we cloned ORF25/17.5, ORF26/62 and ORF17/65 as pairs. ORF17.5, ORF26 and ORF65 were PCR-amplified as XhoI-KpnI fragments (Table 1 ). The templates for these capsid ORF amplifications were sequence-confirmed plasmids containing the genes cloned into pFB1 (Perkins et al., 2008) . ORF25, ORF62 and ORF17 were cloned as EcoRI-SpeI, EcoRI-HindIII and EcoRI-HindIII fragments, respectively, derived from pFB1 cloned copies (Perkins et al., 2008) . To facilitate cloning among the various ORF65 plasmids, the EcoRI recognition site (at 200 bp) in ORF65 was removed, via a silent mutation, from plasmid pFB1-ORF65CHA (Table 1 ). This was done by QuikChange mutagenesis (see below) and the resulting plasmid was abbreviated pFB1-ORF65CHA-DEcoRI. PCR methods were also used to insert a His6 6 sequence in-frame with the C terminus of ORF65. Plasmid pFB1-ORF65CHA-DEcoRI was used as the template and reverse primer specified the His tag sequence (Table  1) . PCR-amplified fragments were cloned as EcoRI-SpeI or XhoI-KpnI fragments into pFB1 or pFBDual, respectively. ORF25 and ORF17.5 were cloned into a modified pFastBac1 to generate a V5 epitope sequence at the N terminus of the cloned gene. The V5 sequence was cloned using annealed oligonucleotides into the BamHI and EcoRI sites of pFastBac1. The ORF25 and ORF17.5 genes were cloned as EcoRI-SpeI or EcoRI-HindIII fragments, respectively (Perkins et al., 2008) . The PCR primers used to amplify the above genes are listed in Table 1 and the published sequence of KSHV strain BAC36 (Yakushko et al., 2011) was used to design each primer pair. All PCR assays used either PfuUltra (Stratagene) or Phusion polymerase (Finnzyme-NEB). The cloned genes were sequenced to check for authentic amplification. Confirmed plasmids were designated by the transfer plasmid abbreviation followed by the gene name, e.g. pFBD-ORF25/17.5.
Truncations. ORF65 truncations were cloned into pFB1-CEGFP as EcoRI-SpeI fragments. These truncations were made with PCR assays using the pFB1-ORF65CHA-DEcoRI template. The DNA fragments were made with a forward primer that specified an EcoRI site (Table 1) , and a reverse primer that specified the truncation and a SpeI site, but lacked the amber stop codon.
Mutagenesis. Site-directed mutants were created using either QuikChange mutagenesis (Stratagene) or cassette mutagenesis. Both methods involved PCR assays using the pFB1-ORF65CHA-DEcoRI template. For the QuikChange mutagenesis procedure, complementary primers containing 15-20 nt on either side of the mutation were made. To aid with clone identification, a silent mutation was used to introduce a diagnostic, restriction enzyme recognition site into the mutant ORF65 gene. Following PCR assays, the DNA was digested with DpnI and transformed into Escherichia coli according to the manufacturer's protocol. Positive clones were isolated, and proper introduction of the site-directed mutation was confirmed by diagnostic enzyme cleavage and ultimately by sequence analysis. ORF65 QuikChange mutants were moved from the pFB1-ORF65CHA-DEcoRI plasmid into the pFB1-ORF65CGFP vector via a SpeI-Bsu36I restriction digest and subsequent ligation.
Recombinant baculoviruses production. We used the Bac-to-Bac system from Invitrogen and the E. coli strain DH10BAC, using both 
GGGGTACCCTAATGGTGATGGTGATGGTGTCCTCCGCCTTTCTTTTTGCCAGAGGGGGGTTTCC the manufacturer's protocol (Invitrogen) and modifications described by Okoye et al. (2006) to generate recombinant baculoviruses. The Bacmid DNA was transfected into Sf9 cells and viruses were amplified in the same cell type (Okoye et al., 2006; Perkins et al., 2008) .
Co-immunoprecipitation assays. Sf21 cells (2610 6 ) were coinfected with baculoviruses expressing ORF65CGFP, ORF25NV5 and ORF17.5NV5. The infected cells were harvested 48 h after infection, lysed in 650 ml 16 capsid lysis buffer (CLB) buffer (Walters et al., 2003) plus 1 mM arginine and HALT protease inhibitor (Pierce), and incubated on ice for 15 min. The lysates were clarified in a refrigerated microcentrifuge at 18 000 g for 30 min. The soluble lysate was precleared using 50 ml Protein A/G beads (Santa Cruz) (30 min at room temperature) and then 200 ml cleared lysate added to 50 ml of Protein A Sepharose (Sigma) slurry. This was incubated for 1 h at room temperature on a rotator and the beads then washed with RIPA buffer five times for 5 min each time. The final beads were resuspended in 26 Laemmli buffer and analysed by immunoblot methods.
Western blot analysis. Sf21 cells were seeded in 12-well trays (1610 6 cells per well) and, for each well, 100 ml baculovirus was added. Infected cells were harvested 48 h post-infection, pelleted and resuspended in RIPA buffer. The cell lysate was then clarified at 18 000 g for 30 min. The resulting supernatant was resolved by SDS-PAGE using the NuPAGE Bis-Tris gel system (Invitrogen) and transferred to a nitrocellulose membrane with an iBlot dry transfer apparatus. Transfer procedures were carried out according to the manufacturer's protocol (Invitrogen). Western blots were carried out using primary antibody incubations for 60 min and anti-rat HRP secondary antibody incubations for 60 min combined with Amersham ECL Western blotting detection reagents (GE Healthcare) using the protocol provided by the manufacturer. Primary and secondary antibody dilutions were usually 1 : 5000 or 1 : 10 000.
Sedimentation analysis. Sf21 cells (1.2610 7 cells) in a 100 mm Petri dish were infected with 300 ml of each of vFB-ORF17, vFBD-ORF17.5/25 and vFBD-ORF26/62 baculovirus P3 stocks along with 300 ml of the mutant ORF65 baculovirus P2 stock. At 68-72 h after infection the cells were harvested and processed for sedimentation as described by Perkins et al. (2008) . Capsids were harvested by sidepuncture aspiration after visualizing the light-scattering band using incident light.
Confocal microscopy. Sf21 cells seeded in a 35 mm FluoroDish (WPI) (1610 6 cells) were infected with 50 ml of each baculovirus. The infected cells were analysed in a Zeiss LSM 510 confocal microscope 48 h after infection as described by Henson et al. (2009) .
Electron microscopy. Sf21 cells were used for all TEM experiments. Infected cells were processed for TEM at 68-72 h after infection. Infected cells were processed for conventional thin-section TEM as described by Huang et al. (2007) and Perkins & McCaffery (2007) . Negative-stained capsids were prepared as described by Perkins et al. (2008) using 1 % phosphotungstic acid as the staining solution. Samples were examined using Phillips EM 420 and Tecnai 12 transmission electron microscopes (FEI); images were obtained with an SIS Megaview III camera (Olympus).
IMAC purification of capsids. Infected cells (2.4610 7 cells) were lysed in 1 ml 26 CLB buffer (minus EDTA) and sonicated for 30 s. Capsids were purified from: a sucrose gradient fraction containing capsids (see above); lysates clarified using a 20 % sucrose cushion and resuspended in 500 ml 26 CLB [500 ml lysate layered over 500 ml 20 % w/v sucrose (500 mM NaCl and 10 mM Tris/HCl, pH 7.5) and pelleted in a microcentrifuge for 60 min at 14 000 g] or total soluble lysate. Binding of 500 ml of each type of lysate (containing 20 mM imidazole) with 100 ml Ni-NTA agarose slurry (Qiagen, equilibrated in PBS) was done for 60 min at room temperature with rotation. The beads were washed with 500 ml native wash buffer (50 mM NaH 2 PO 4 , 300 mM NaCl, 20 mM imidazole, pH 8.0) five times (5 min rotation during wash) and capsids were eluted by incubation with 100 ml elution buffer (50 mM NaH 2 PO 4 , 300 mM NaCl, 250 mM imidazole, pH 8.0) for 30-60 min at room temperature in an Eppendorf shaker. All buffers and washes contained HALT protease inhibitor cocktail (EDTA free) (Pierce).
Gold labelling of capsids using Ni-NTA-derivatized gold.
Formvar and carbon-coated grids were freshly glow discharged, and 10 ml capsids in solution was adsorbed onto the grids for~15 min. Grid loops were used to float grids on four drops of room temperature wash buffer (2.5 % FBS in PBS) and left for 5 min on the last drop. Grids were incubated in a humid chamber for 30 min in 10 ml 1 : 20 solution of 5 nm Ni-NTA-Nanogold (Nanoprobes) in wash buffer. Grid loops were used to float the grids through eight drops of wash buffer and then through eight drops of double-distilled H 2 O. The grids were then stained in 1 % phosphotungstic acid for 30 s, excess stain was wicked off and they were allowed to dry before imaging.
Data and figure preparation. Scanned autoradiographs and digital electron micrographs were imported into Adobe Photoshop for figure compilation. Confocal images were converted to TIFFs using ImageJ software and imported into Photoshop for figure compilation. Files were adjusted for brightness and contrast, and trimmed for final figure versions.
